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AERODYNAMIC-HEATING AND ISOTHERMAL HEAT-
TRANSFER PARAMETERS ON A HEMISPHERICAL
NOSE WITH LAMINAR BOUNDARY LAYER
AT SUPERSONIC MACH NUMBERS

By Howard A. Stine and Kent Wanlass
SUMMARY

The effect of a strong, negative pressure gradient upon the local
rate of heat transfer through a laminar boundsry layer on the isothermal
surface of an electrically heated, cylindrical body of revolution with a
hemispherical nose was determined from wind-tunnel tests at a Mach number
of 1L.97. The investigation indicated that the local heat-transfer pars-
meter, Nu/Q/Re, based on flow conditions Jjust outside the boundary layer,
decreased from a value of 0.65 *0.10 at the stagnation point of the hemi-
gphere to & value of 0.43 +0.05 at the Junction with the cylindrical
afterbody. Because measurements of the static pressure distribution over
the hemisphere indicated that the local flow pattern tended to become
statlionary as the free-stream Mach number was increased to 3.8, this dis=~
tribution of heat-transfer perameter is believed representative of all
Mach numbers greater than 1.97 and of temperatures less than that of dis-
sociation. The local heat-transfer parameter was independent of Reynolds
number based on body dismeter in the range from 0.6x10° to 2.3x10°.

I

The measured distribution of heat-transfer parameter agreed within
118 percent with an approximate theoretical distribution calculated with
foreknowledge only of the pressure distribufion sbout the body. This
method, appliceble to any body of revolution with an isothermsl surface,
combines the Mangler transformation, Stewartson transformation, and thermsl
solutions to the Falkner-Skan wedge-flow problem, and thus evaluates the
heat-transfer rate in axisymmetric compressible flow in terms of the known
heat~transfer rate in an approximately equivalent two-dimensional incompres-
sible flow.

Measurements of recovery-temperature distributions at Mach numbers
of 1.97 and 3.0k yielded local recovery factors having an average value
of 0.823 +£0.012 on the hemisphere which increased asbruptly at the shoulder
to an average value of 0.840 +0.012 on the cylindrical afterbody. This
result suggests that the usual representation of the laminer recovery
factor as the square root of the Prandtl number is conservative in the
presence of a strong, accelerating pressure gradient.
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INTRODUCTION

Due to the processes of friction and compression, & body moving
through the atmosphere accumulates as thermel energy & portion of its
mechanical energy of motion. The physiological, structural, and aero=-
dynamic ramificetions of this well~known fact in the realm of high-
speed flight constitute the aerodynamic heating problem. The present
status of knowledge insofar as the aerodynamlic aspects are concerned will
be discussed in the following section. It is sufficient now to state on
the basis of a review of selected literature (refs. 1 through 25) that
the bheat transfer through the surface of a supersonlc vehicle can he pre-
dicted with confidence only when the heat path is through regions of
laminar flow and small pressure gradient. Because in supersonlc flow a
constant-pressure surface has & sharp leading edge which is difficult,
if not impossible to cool (refs. 15 and 16), the practical vehicle for
sustained supersonic flight may, of necessity, be blunt. Although favor-
eable to the promotion of laminar flow, the severe pressure gradlents _
assoclated with bluff bodies can result in heat-transfer rates quite dif-
ferent from those on constant-pressure surfaces. The heat-transfer char-
acteristics of the compressible boundary layer on bluff bodies are there-
fore required.

The present investigation has as 1ts purpose the measurement in
supersonic flow of laminar-boundary-layer temperature-recovery factors
and local heat~-transfer coefficlents on the uniformly heated surface of a
hemisphere-cylinder. The experimental results are compared with a newly
developed method of approximate prediction which utilizes existing solu-
tions to the boundary-layer problem, asnd which is appliceble to any bluf?f
body of revolution with an isothermel surface.

ANALYSTS

Status of Knowledge

The ultimate rate of heat transfer through a given type of boundary
layer (i.e., laminer or turbulent) has been Ffound to depend upon the fluid
flow conditions characterized by Mach number and Reynolds number, the
fluid properties specified by Prandtl anumber, the surface temperature
distribution, and the body shape. In order to calculate the heat-transfer
rate from boundary-layer theory, the body surface is commonly assumed to
be a flat plate or sxisymmetric. Effects of body curvature upon the pres-
sure distribution normal to the surface are neglected, and body-shape
effects are assumed to depend on the streamwise pressure distribution
alone. When dealing with bodles of revolution, an additional shape param-
eter must be considered which accounts for the variation of circumference
along the axis. HOWever, because this additional shape parameter has been
shown to relate the axisymmetric boundary-layer flow with an associated
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two-dimensional flow (ref. 2}, it is possible, without loss in generality,
to apply two-dimensionel resulits to axlisymmetric bodies.

A representative sample of the extenslve literature dealing with
laminar-boundary-layer heat-transfer theory 1ls given in references 3
through 11. The large body of analysis based upon 1ntegral methods of
solution has been excluded from this survey partly in the interests of
brevity, end partly because the accuracy of these integral analyses is
Judged by comparison with solutions such as those of references 3 through
1l. Fluid-property and flow-parameter effects are stressed in references
3, 4, and 5. Nonisothermsl surfaces are considered in reference 6. Pres-
sure gradient effects are studied in references 7 and 8. Effects of small
pressure and wall-temperature gradients are investigated in reference 9.
Both pressure-gradient and fluld-property variations are considered in
reference 10, and pressure-gradient and wall-temperature effects are dis-
cussed in reference 1ll. The results of these studies suggest that fluid-
property and flow-paerameter varletions exert a relatively mild influence
on the local heat-transfer coefflcient. Pressure and wall-temperature
graedients, on the other hand, can produce local heat-transfer coefficients
which depart significantly from the isobaric and isothermel predictions.
The influence of shape is illustrated in reference 12 - which, inciden-
tally, presents an excellent sccount of methods employed to predict heat
transfer - wherein a procedure is developed for the calculation of leminar
heat~transfer coefficients about isothermal cylinders of arbitrary cross
section. The effect of nonuniform temperature upon the heat-transfer
coefficient 1n an application of practical interest 1s assessed in refer-
ence 13, which is & study of transient heating in a flat plate.

Accurate experimentel verification of the laminar heat-transfer
theory has been obtalned in ceses where the surface temperature and pres-
sure were nominally uniform (refs. 14 through 17). Heat-transfer meas-
urements under conditions of nonuniform temperature are discussed in
reference 18. References 19 and 20 describe experiments in which local
heat-transfer coefficlents were measured in supersonic flow on nominally
isothermal bodies with negatlve pressure gradients. In the former case
the pressure gradient was mild end the heat-transfer coefficient 4id not
depart significantly from the theoretical prediction for a constant-
pressure surface. On the other hand, in the latter experiment, the heat-
transfer coefficient was a strong function of the relatively severe pres-
sure gradient; however, since the data of reference 20 were obtained under
transient conditions in the presence of a surface temperature tending to
become nonisothermal, the velidity of these results 1s uncertain.

Heat Transfer

According to the Newtonian Iaw of heat transfer, the thermal flow
through & unit erea of the fluid in contact with an isothermal surface
1s proportional to the difference between the actual skin temperature
and the skin temperature corresponding to no heat flow. The factor of
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proportionality, called the local heat-transfer coefflclent, depends,

in .cases of forced convection, upon the boundary-layer type, and the

flow, fluid-property, and pressure-gradient perameters mentioned pre-

. viously. For laminsr flow, the local Nusselt number formed from the

locael hegt-transfer coefficient, the length of boundary-layer run, and

the local free-stream thermal conductivity can be combined with the loecal
Reynolds number into & locel heat-transfer parameter, defined as the ratio
of the Nusselt number to the square root of the Reynolds number:

Nu_ hx/ky
./ Re /piur x
My

(For Notation, see Appendix A.)

(1)

On the basis of available theory for isothermal surfaces, moderate
Mach number, and small tempersture differences, one can reason that the
local laemlinar heat-transfer parameter on the blunt nose of a body of
revolution should lie within the interval 0.662Nu/i/ Re>0.30. The higher
value (at the stagnation point of a sphere) is predicted (for o = 0.7)
in reference 22 by neglecting compressibility; the lower figure is appli-
cable to a flat plate or a hollow cylinder with surface parallel to the
alr stream.

No exact, simple expression can be written to predict the local heat-
transfer parameter for points on the surface of e body lying in regions
of arbitrary pressure gradlents, although a number of approximate methods
are available (refs. 12, 23, and 2k for example). Another approximate
method - an aedaptation of a technique described in reference 12 - which
is easy to apply to any body of revolution and promises to be falrly
accurate for uniform surface temperatures not greatly different from the
stagnation temperature - was developed in conjunction with the present
experimental investigation. This method has the advantage that no knowl-
edge 1s required of the veloclty or temperature proflles in the boundary
layer; only the pressure distribution about the body need be known. The
main results of this analysis are summarized in the following paragraphs;
the detalls can be found in Appendix B.

Briefly, the method mekes use of the transformations of Mangler,
(ref. 2) and Stewartson (ref. 25) to remove the problem from the exisym-
metric compressible plane to the epproximetely equivalent two-dimensional
incompressible plane. The local heat-transfer parameter on the axisym=-
metric body in compressible flow, Nu/n/Re, is expressed in terms of the

. —_— ——
corresponding parameters in two-dimensional incompressible flow, Nu/J Re,
and two~dimensional compressible flow, Nu/«/Re, as follows:
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The factor relating axlisymmetric and two-dimensional compressible
flows (Mangler's transformation, ref. 2) is:

(3)

This factor is specified completely by the shape of the body of revolu-
tion.

The factor arising from Stewartson's transformation (ref. 25) between
two-dimensional compressible and incompressible flows is:

87-1
- Ei) 7=-1
Nu/f Re _ *\& ()
==, = - - 87 =1
Nu Re fx<-a-l Y=L
=
Vo)

ax
%o

This factor involves not only the streamwise body coordinate but also
changes in the local speed of sound Just outside the boundary layer and
is rigorously valid only for vanishingly small heat transfer, Prandtl
number of unity, and viscosity proportional to temperature. The conse-
quences of relaxing the first two of these restrictions and the evaluation
of this factor in terms of known conditions in the axisymmetric compres-
sible flow are discussed in Appendix B.

To make practical use of equation (2) it is necessary to specify an
incompressible heat-transfer parameter which corresponds to some known
characteristic of the axisymmetric compressible flow. An approximate
correspondence can be established if the boundary-layer model of Fage
and Falkner is assumed for the incompressible plane. This wedge-flow
model, in which both the local free~stream velocity and the surface
temperature are proportional to arbitrary powers of the streamwise coor-
dinate so that veloclty and temperature profiles through the layer at all
streamwise locations are similar, has been studied extensively. The local,

incompressible heat-transfer parameter, ﬁa/v'ﬁg, has_been calculated for
the wedge flows over wide ranges of Prandtl number Pr, temperature-
gradient parameter T, and pressure-gradient parameter " (refs. 10 and
and 11). According to this theory, the pressure-gradient paremeter
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end the temperature-gradient parameter are constant over the wedge and
are related to the local flow, streamwlse coordinate, and local surface
temperature as follows:

BY
n
[
ﬁhlgl
el e

) (5)

fo¥
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()
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B

It has been shown (ref. 12, for exsmple) that even though the pressure-
gradient parameter m varies as a function of the coordinate, X, the
Fage and Falkner model can be applied locally to predict a corresponding
varlation of local heat-transfer paremeter. The agreement with experiment
is good, even though the theory is not rigorously applicable. The assump-
tion 1s therefore introduced that the last factor on the right-hand side
of equation (2) is defined on a local basis for a given Prandtl number
gnd uniform surface btemperature (7(3 0) by local values of the incompres- .
sible pressure-gradient parameter, m. For convenience and consistency
it 1s further assumed that the incompressible pressure-gradient parameter
has its anslogues in the two-dimensional compressible and the axisymmetric
compressible flows. The relstion between pressure-gradient parameters in the
respective flows 1s taken to be: T - ST '

@ (- B

where

_du o x WM x 5
m=dxul_dxf71:<5+M12> (7)

The right-hand side of equation (7) can be evaluated as a function of the
coordinate x for a body of revolutlon about which the local isentropic
flow is known. The transformation factors (&E/m) and (%/m) on the right-
hand side of equation (6) can be calculated apProximately in terms of

the local flow about the body of revolution, as is shown in detail in
Appendix B. Thus & correspondence is established between the known
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pressure-gradient parameter, m, in the axisymmetric compressible plane
and the analogous parameter, m, in the incompressible two-dimensional
plane. One is therefore able to determine the last factor on the right-
hand side of equation (2) by recourse to the tables of references 10
and 11; and, consequently, the distribution ef axisymmetric compressible
heat-transfer parameter Nu/JZRe can be established.

In the present investigation, the local heat-transfer-parameter
distribution on the surface of a hemisphere-cylinder is calculated using
the experimentally determined pressure-gradient paremeter, m, according
to the foregoing method.

Recovery Temperature and Recovery Factor

When a body moves through the atmosphere the surface tends to assume
a temperature distribution, called the equilibrium temperature distribu-
tion, such that the local heat transfer at each point is a minimum. In
the absence of radiation and internal heat flow the minimum heat transfer
is zero; this equilibrium distribution is called the recovery-temperature
distribution, and the body is saild to be insulated. Since a spot on the
surface can eassume a temperature no greater than its local recovery tem-
perature, the question of how hot a body can possibly become for given
flight velocity and ambient temperature can be answered by investigating
the properties of insulated bodies.

The recovery temperature at a point on an insulated body is specified
by the sum of the local free-stream temperature just outside the boundary
layer and the temperature rise across the boundary layer. The tempersature
rise across the boundary layer depends upon the boundary-layer type and
the dimensionless flow, fluid property, and body-shape parameters mentioned
previously. It is convenient to compare the actual temperature rise
across the boundary layer with the rise which would occur if the local
free stream were brought to rest adiasbatically. In the notation of
Appendix A, the ratio so obtained can be written

Tr -Tl

Cp = —————
* Ty - Th

(8)

The factor C, 1is called the temperature-recovery factor and has a dif-
ferent value for laminar than for turbulent boundary layers.

With the aid of analogue computers and numerical integrations, the
local leminar recovery factors on an insulated flat plate in air have been
deduced (ref. 3, L4, and 5) for a wide range of local free-stream velocities
and temperatures. It 1s interesting to note that one c¢an correlate these
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recovery factors as a function of the sum of the local free-stream tem-
perature T; and the stagnation temperature..Ty, provided the alr does
not dissociate. The flow parameters (Mach number and Reynolds number)
do not enter the correlation explicltly. If the sum of T, and T; does
not exceed about 2000° Rankine, the recovery factors predicted in refer-
ences 4 and 5 can then be approximated within 1 percent by the following
equation:

or = [Pr <Tt+Tl> (9)

2

where Pr is the Prandtl number evalusted at the arithmetic mean
(Tt+T1/2)

of the local free-stream and the stagnation temperatures. If the sum of
T, ard Ty is greater than 2000° Rankine, equation (9) does not hold, and
it is desirable to utilize the predictions of references 3, 4, and 5
directly. - -

Although the influence of pressure gradient on the local laminar )
recovery factor has been calculated theoretically for two-dimensional, -
constant-property wedge flows, slight disagreement exists among the
numerical results of four independent determinations of the recovery fac-
tor at a stagnation point (ref. 21). The extremes of the various compute- "
tione range from a prediction of no change to a prediction of a 5-percent
decrease in recovery factor from the constant-pressure value. Thus, the
validity of equation (9) in regions of nonzero pressure gradient can best
be determined by experiment.

In the present investigation the equilibrium-temperature distribu-
tion on the surface of a hemisphere with a cylindrical afterbody was
measured, assumed to be the recovery-temperature distribution, and com- B,
bined with the local free-stream temperasture .and the stagnation tempera-
ture according to equation (8) to test the applicability of equation (9)
in & strong pressure gradient. For reasons to be discussed later, the
equilibrium temperature close to the stagnation point of the test body
wvas significantly different from the recovery temperature. Hence, in this
region the recovery factor was estimeted by combining the theoretical
results of references 4 and 5 with that of reference 21 which produced
the best fit with the valid portion of the data. Once the recovery factor
was known, the recovery temperature (necessary for reduction of heat-
transfer data) was found from equation (8) rewritten:

Ty T T
Lo =L - =L -
Ty = Ty + Cp <l (10)
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APPARATUS AND PROCEDURE

Wind Tunnels

The present experimental investigation was conducted in the Ames
1- by 3-foot supersonic wind tunnels No. 1 and No. 2. Wind tunnel No. 1
is of the closed-circuit, continuous-operstion, varisble-pressure type
and 1s equipped with a flexible-plate nozzle that provides a range of
Mach numbers from 1.2 to 2.5. The absolute pressure in the tunnel set-
tling chamber can be varied from one-fifth of an atmosphere to three
atmospheres to provide changes in the test Reynolds number. The gbsolute
humidity of the air is maintained at less than 0.0001 pound of water per
pound of dry air so that the effects of water vapor on the supersonic
flow are negligible. The No. 2 wind funnel is of the intermittent-
operation, nonreturn, variable-pressure type and uses the dry air at high
pressure (six atmospheres absolute) from the Ames 12-foot wind tunnel.
The alr is expanded to stmospheric pressure through the 1- by 3-foot test
section, which is structurally identical to that of wind tunnel No. 1.
The Mach number can be varied from sbout 1.2 to 3.8. The steady running
time available for each test depends largely on the test Mach number and
varies from gbout 18 minutes at a Mach number of 2.9 to 5 minutes at a
Mach number of 3.8. The total pressure in the wind-tunnel settling chamber
is controlled by means of & butterfly throttling valve in the supply pipe.
Because the air in the supply system expends during each test, the stag-
nation temperature decreases with time; the meximum rate of decrease is
sbout 4° F per minute. Although thermal equilibrium is never achieved,
it is possible to obtain valid temperature dsta under certain operating
conditions. Wind tunnel No. 2 was used for some of the tests because it
provides higher Mach numbers and Reynolds nuwbers than wind tunnel No. 1.

Test Body

A hemispherical nose shape was selected for the test body in the
present. investigation. Considerations of experimental convenience (such
as ease of construction, mounting, and testing) and the precedent of con-
siderable theoretical background dealing with flow sbout spheres combined
to suggest the hemisphere as the test body. The h-inch dismeter hemi-
spherical nose had a cylindrical afterbody with a length limited to 3
inches to avoid intersecting the reflection of the bow shock wave from
the wind-tunnel walls. Three sting-supported models of the test body
were constructed, each having the same external size and shape, and sur-
face roughnesses (less than sbout 20 microinches). The instrumentation
housed in each snd the sting-support detalils, however, were different.

Pressure-distribution model.~ The pressure-distribution model
(fig. 1(a)) made from eluminum, had a wall thickness of one~half inch.
Twenty-two 0.031-inch-diameter static-pressure orifices were placed on
the surface in a plane passing through the axis of revolution (meridian
plane). Brass plugs containing the drilled orifices were pressed
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into 3/16-inch-diameter, 3/8-inch-deep holes in the aluminum. Copper
tubing attached to the plugs passed radially through 0.064-inch-diameter
holes into the model cavity and emerged throligh a 2-inch-diameter hollow
sting threaded into the base. Each plug and tube was costed with an
alkyd resin before insertion to prevent leaks between the cavity and the
surface. a

Recovery-temperature model.- The recovery-=temperature model

(fig. 1(b)), made from stainless steel, had, except for the afterbody,

a nominal wall thickness of 0.020 inch. The thickness of the cylindrical
portion increased linearly from 0.020 inch at its Junction with the hemi-
sphere (shoulder) to 1/8 inch at the point of attachment of the 1/2-inch-
thick base ring. The thin wall served to minimize both the heat capacity
of the model and the longitudinal heat conduction within the shell.
Stainless steel was used because of its low thermal conductivity relative
to other metals. Twenty-four constantan wires were soldered into holes
in the surface lying in a meridisn plane, as shown in figure 1(b). A
single stainless=-steel wire connected to the inside of the shell near

the base completed the return circuit for the twenty-four stainless-
steel-constantan thermocouples. The thermocouple wires were brought Into
the 2-inch-dilameter hollow sting through a pressure~-tight fitting in the
base. The assembly was callbrated in a liquid bath. A copper tube com-
municating with the model cavity was provided so that the internal air
pressure could be reduced to less than 400 micronms (0.016-inch Hg) abso-
lute to minimize internal heat transfer due to free convection.

Heat-transfer model.- The heat-transfer model (fig. 1l(c)) was a
stainless-steel shéll which formed the resistance element of the low-
voltage, high-amperage electrical circult used to heat the body. The
circult was arranged so that a 60-cycle alternating current could be passed
longitudinally through the shell, entering through & copper bus bar imbed-
ded in the nose, and leaving through & copper collector ring which formed
the base. The interior surfaece of the shell was contoured to provide an
effective thickness distribution, and therefore a resistance distribution,
which was proportional to the expected heat-removal capabilities of the
air stream when the. temperature was uniform. Twenty-two copper-constantan
thermocouples were soft-soldered in holes drilled through the shell in a
meridian plane, with the thermocouple Junctions within 1/32 inch of the
outer surface. The spacing is indicated in figure 1(c). The wires ter-
minated at a selector switch outside the wind tunnel which was arranged
so that, on alternate sides of the body, succeeding pairs of the copper
wires which formed one side of each copper~constantan thermocouple cir-
cult could be utilized as taps to measure the A.C. voltage drop exlsting
along any 12° arc on the hemisphere. A simultaneous indication of tem-
perature could be obtained from the thermocouple lying within the same
interval but displaced 180° sbout the axis. The stations on the afterbody
were spaced the same distance apart as were those on the hemisphere. To
prevent heat generated In the nose from flowing by conduction into the
3/b4-inch-diameter copper feeder. bus bar, an independently controlled elec-
trical heating coil, wound on an aluminum spool, surrounded the bus bar.
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The temperature within the bus bar was monitored with iron-constentan
thermocouples, and the power supplied to the heater was adjusted to mini-
mize the temperature gradient in the bus bar between the shell and the
heater.

A photograph of the heat-transfer model installed in wind tunnel
No. 1 is shown in figure 1(d).

Instrumentation and Accuracy

The experimental data leading to evaluation of the recovery factors
consisted of pressure and temperature measurements. Static and total
pressures were measured by conventional methods with a relative error of
#1 percent in the worst case. Temperatures were obtained from thermo-
couple voltages sensed on elther indicating or recording potentiometers
that were accurate to £0.25° F. However, in wind tummnel No. 1 an addi-
tional uncertainty, due to a ragged temperature dilstribution in the set-
tling chember, limits the probable accuracy of the temperature determina-
tions in this wind tunnel to i1.5° F. In the worst case the relative
error of the temperature determination was 0.5 percent. Heat transfer
due to radiation was estimated and found to be negligible.

The evaluation of Nusselt number required, in addition to pressures
and temperatures, the measurement of the local voltage drops along the
model surface and the total current flowing in the electrical heating
circuit. Local voltage drops, which ranged from 0.0025 to 0.03 volts,
A.C., were measured with an electronic voltmeter having & relative error
of £3 percent. The current, which varied from 650 to 900 amperes, was
measured with a relative error of 1 percent.

The actual centers of the measuring stations on the test bodies cor-
responded to the nominal locations (fig. 1) within +0.005 inch. Surface
areas of the segments on the heat-transfer body were calculated using the
nominal nose radius of 2 inches and the nominal station locetions. The
fluid properties of viscosity and thermal conductivity corresponding to
the calculsted local static temperatures were taken from curves prepared
from the tables of reference 26.

The probable error of the principal parameters, based on the probable
error with which each individual component could be determined, can be
summarized as follows: ’

Percent

Mach number, M +1
Reynolds number, Re 1
Recovery factor, Cr +1.5
Nusselt number, Nu +15
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The precision of the recovery-factor measurement, which is somewhat less
than that possible on a constant~pressure surface, includes an uncertainty
due to heat conduction in the shell of the test body. Likewise, the
accuracy of the Nusselt number measurement includes an allowance for
slight nonuniformity of the heated-surface temperature.

Tests

Each test body was oriented in the wind tunnels so that the meridien
plane contaeining the instrumentation coincided with the vertical plane of
the test sections. All bodies were adjusted to an angle of attack of 0°
+0.1°. Axial location in the tunnels was selected on the basis of wind~
tunnel-calibration data to minimize effects of local-pressure~gredient
and stream-angle variations. Observations with schlieren optical systems
indicated that the boundary layers on the hemispheres were.laminar for
all test conditions in both wind tunnels. Wind-tunnel conditions for
each series of tests are given in table I.

Pressure-distribution tests.- Static-pressure distributions obtained
in wind tunnels No. 1 and No. 2 were converted to local Mach number varia-
tions about the body. Isentropic flow was assumed to exist behind the
bow shock wave in the stream tube Just outside the boundary layer; the
static pressure across the boundary layer was assumed to be constant so
that pg = Py . To check the isentropic~flow assumption, an impect tube
formed from stainless-steel tubing was soldered into the rearmost orifice
on the afterbody. This tube was situated so that the mouth was normsl
to, and one-eighth inch from the body surface, and at the same station as
the preceding static orifice. Schlieren-system observations verified that
the opening was Jjust outside the boundary layer at all Reynolds numbers.
The impact and static-pressure measurements at this station allowed, with
the ald of Rayleigh's pitot-tube equation, independent determinations of
local Mach number which sgreed well with those obtained with the isentropic
flow assumption.

A check run in wind tunnel No. 1 with the pressure orifices in the
horizontal plane (1l-foot dimension in wind tunnel) revealed no flow asym-
metries.

Temperature-distribution tests.- In wind tunnel No. 2, the surface-
to-stagnation-temperature ratios at sll stations ceased to change as a
function of elapsed testing time after an interval of about seven minutes.
This was teken as an indication that the starting transient had died away
end that a quasi-steady state of thermal equilibrium existed on the test-
body surface. No data which were considered valid could be obtained at
a test Mach number of 3.8 because the duration of run did not exceed 5
minutes. The possible errors due to the small but finite heat transfer
which accompanied the stagnation-temperature drift were evaluated at
M, = 1.97 by comparing the constant values of the surface~to-stagnation~
temperature ratios obtained in the intermittent-operation wind tunnel
(No. 2) with those obtained under steady-state conditions in the
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continuous-operation wind tunnel (No. 1) at nearly the same test Reynolds
number. This comparison disclosed that the agreement was good except
close to the nose of the test body.

In wind tunnel No. 1 the stesdy-state value of the surface-to-
stagnation-temperature ratio at the stagnation point of the hemisphere
did not reach unity. To determine if this were caused only by heat losses
in the shell (conduction and internal free convection), or could possibly
be due also to nonadigbatic compression along the stagnation streamline,
the constantan wire at the stagnation point was replaced with a sleeve of
l/lG-inch-O.D. stainless steel tubing having a length of approximately
1/2 inch. The sleeve was flush with the outer surface and provided sup~
port for a 30-gage, glass-insulated, iron-constantan duplex thermococuple
wire which was slipped through from the interior of the model. The 1/32- .
inch~-diameter Junction, which was approximately spherical, was cantilevered
upstream on a l/h -inch-long bared portion of the 0.01l0-inch-diameter
thermocouple wires. The axial location of the Jjunction could be varied
by sliding the insulating sheath in the sleeve. The temperature obbtained
from this thermocouple was closer to the wind-tunnel stagnation temperature
than it was to the temperature messured by the thermocouples imbedded near
the nose of the model shell, showing thet due to heat conduction, the true
recovery temperatures were not obtained near the stagnation point.

Heat-transfer fests.- The heat-transfer experiments were carried out
under steady-state conditions in wind tunnel No. 1. The heating current
which produced the most uniform surface temperature was found experimen-
tally at each test Reynolds number, at which time the local voltage drop
and surface-temperature distributions were recorded. The local Nusselt
number was formed from the measured quantities as follows:

we -t a O n s 2@ ()
Tk (Ts ~ Tr)k Ts - Tr ki Ts ~ Tp

v ( ) (1)

Because 1t was the purpose of this investigatlon to isolate the
effect of pressure gradient upon the local heat-trensfer parameter from
the nonuniform temperature effect, considersble effort was expended in
obtaining a constant surface temperature. Four trials were requlred to
achieve a heating distribution which ylelded a reasonsbly isothermal sur-
face. The thickness distribution (resistance distribution) of the shell
and the method of joining the feeder bus bar to the nose were improved
between triels on the basis of the experimental results of each previous
test. The shape of the inner surface in the vicinity of the stagnation
point (fig. 1(c)) was a contour with the equation of a streamline obtained
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from the solution of & well-known problem in potential flow -~ the flow
inside the sphere obtained when a space doublet is combined with a uniform
stream. The soft~soldered joint between the copper bus bar and the
stalnless-steel shell was made on the equipotential surface passing through
the stagnation point.

Because the inner surface of the shell could not be machined to the
desired contour with the required accuracy, the resistance was corrected
to wilthin *10 percent of the desired distribution by a process of selective
electroplating with _copper. The technigue employed was as follows: After
chemlcal cleaning, the lnaccurately contoured model was supported nose
down, and the interior, uncbstructed except for the feeder bus bar, wes
electroplated with a flash-coat of nickel, followed lmmediately by & flash
of copper deposited from & cyanide electrolyte. Provision was then made
for filling the interior to any desired level with carbon tetrachloride
supporting a film of copper sulphate solution approximately 1/8 inch deep.
With a washer~-like anode of copper suspended in the electrolyte, an annulsar
band of copper could be deposited or removed from any deslred elevation on
the inner surface of.the model. When a small current was passed through
the heating circult, plating progress could be observed and controlled by
measuring the change in voltage drop between externally mounted taps.

RESULTS AND. DISCUSSION

The results of the local static-pressure, recovery-temperature, and
heat-transfer measurements on the LY-inch hemisphere-cylinder are presented
in figures 2 through. .} with the distance along the surface in a meridian
plane (arc length) as the independent variable. The arc length x 1is
normallzed with respect to the body diameter D. The test Mach number
Me 1s that of the free stream; the test Reynolds numbers Rep are based
on conditlons in the free stream, with the body dlameter as the reference
length. Local parameters, (My, Re, Nu, etc.) are based on conditions in
the local flow Just outside the boundary layer. The reference length,
where required, is the arc length x.

Pressure Distribution

The static-pressure distributions measured gbout the hemisphere-
cylinder at test Mach numbers of 1.97, 3.0k, and 3.80 in wind tunnel No. 2
are presented in coefficient form in figure 2(a). The pressure coeffi-
clents gbout a sphere for inviscid incompressible flow, and for compres-
sible flow at a Mach number of infinity according to Newtonian theory
(ref. 27) are included for comparison. The measured pressure coefficients
were independent of Reynolds number throughout the range covered. The
size of symbols at each station (fig. 2(a)) outlines the extent of the
experimental scatter and variation with Reynolds number. Although not
evident from the figure, orifices lylng between locatlons from x/D = 0.35

i

W
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to x/D = 0.45 encompassed the sonic zone on the hemisphere and tended
to give erratic pressure indications unless each hole was carefully
cleaned of minute deposits of foreign matter. The values of pressure
coefficients obtained from the tests in wind tunnel No. 1 fall within
the symbols drawn around points obtalned at the same Mach number in wind
tunnel No. 2. The pressure distribution obtalned in wind tunnel No. 1
with the orifices in a horizontal plane agreed with that obtained with
the orifices in a vertical plane.

The local Mach number distributions derived from the pressure-
coefficient data and the Newtonian theory (ref. 27) are presented in
figure 2(b). Also included are the results of the determination of local
Mach numbers (at x/D = 1.16) by impact and static-pressure measurements.
The two methods of measurement agree within 1.5 percent in the worst case.

A tendency is noted in figure 2(b) for the increase in local Mach
number at a given station x/D to become progressively less as the Mach
number of the oncoming stream M, 1is increased by an approximately fixed
increment. This trend is in accordance with the theory of reference 28,
which predicts that the entire flow pattern about an arbitrary body tends
to become stationary as the free-stream Mach number is increased. More-
over, because the significant (hypersonic similarity) parameter is a
function of the product of the thickness ratio and the Mach number, the
flow pattern about a bluff body "freezes" at a lower value of the Mach
number than is the case for a slender body. Because in the case of the
hemisphere-cylinder the local Mach number curves are similar in shape,
the pressure-gradient parameter m (eq. (7)) is a function principally
of the arc length, x/D, and. depends but little upon the Mach number of
the oncoming stream. Hence, any dependence of the local heat-transfer
coefficient upon the free-stream Mach number .and upoh the pressure-
gradient parameter would be expected to become smaller and smaller as Mg
increases.

Temperature Distributions and Recovery Factor

Typical temperature distributions obtained from the recovery-
temperature model in wind tunnel No. 1 at a test Mach number of 1.97 are
presented in figure 3(a). The temperature measured with an isolated
thermocouple projecting l/l6-inch upstream of the stagnation point
(plotted at x/D = 0; To/Ty = 1.0000 +0.0013) indicates that the reduced
temperature near the nose of the unheated surface is due to conduction
in the model shell. The two experimental distributions shown correspond
to the two highest test Reynolds numbers and, accordingly, the least
serlous conduction effects. They illustrate the extent to which conduction
influenced the equilibrium temperatures near the stagnation point under
the two most favorable test conditions. The coalescence of these two
curves at values of x/D greater than 0.35 was taken as an indication
that the equilibrium-temperature distribution beyond this point was a
close approximation to the recovery-temperature distribution. Alsoc pre-
sented in figure 3(a) are temperature distributions obtained from the
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heat-transfer model with power inputs adjusted to produce the most uni-
form surface temperastures.

The temperature-recovery factors (fig. 3(b)) computed from the
equilibrium-temperature data (fig. 3(a)) and the local Mach number data
(fig. 2(b)) are inaccurate for values of x/D less than sbout 0.35 for
the reasons outlined sbove. The recovery factors measured at a Mach
number of 1.97 in the intermittent-operation wind tunnel (No. 2) agree
well with those obtained from measurements in the continuous-operation
wind tunnel. (No. 1) for velues of x/D between 0.35 and 0.90. The
recovery factors on the hemisphere have, for x/b greater than 0.35, a
mean value of 0.823 #0.012 which rises on the afterbody to a mean of 0.840
#0.012 in the case of wind tunnel No. 1. The increasing recovery factors
messured on the cylindrical afterbody at values of x/D greater than sbout
1.1 in wind tunnel No. 2 are believed to signify the onset of transition
to turbulent flow. The recovery factor at Me = 3.04 is lower than that
at Mg = 1.97. This decrease mey be due to the slightly more severe pres-
sure gradient at M, = 3.0L; however, the difference 1s of the same order
of magnitude as the probeble accuracy of the measurements.

Also included in figure 3(b) are the recovery-factor predictions for
& Mach number of 1.97 of constant-pressure variable-property theory, and
of an empirical combination of constsnt-pressure theory and pressure-
gradient theory for laminar flow derived below. The curve representing
the constant-pressure theory was obtained from a graph prepared from the
recovery-factor information given in references 4 and 5. Values of the
recovery factor were selected from the graph to correspond with the known
stagnation and local static temperatures of the test. This method, cor-~
responding to the dashed curve (fig. 3(b)), predicts a slight increase of
recovery factor with arc length on the hemisphere-cylinder, and it agrees
well with the data for the cylindrical afterbody, but lies slightly above
the data for the hemisphere. Although the recovery factor defined by a
mean line passed through the valid portion of the data on the hemispher-
ical nose is not more than 2 percent below the recovery factor for the
cylindrical afterbody, and, consequently, the effect of pressure gradilent
can probably be disregarded in practice, the decrease in level can be
predicted very closely, at least in the case of the hemilsphere at
Mg = 1.97, by an empirical method which was used to compute the solid
curve presented in figure 3(b). This latter recovery-factor curve, which
was subsequently utlilized to calculate recovery temperatures (eq. (10))
for the reduction of heat-transfer data, was obtained as follows: Recovery
factors computed for a constant-pressure surface were assumed to differ
from those for the same flow conditions but with arbitrary pressure
gradient by a factor depending only upon the pressure-gradient parameter m
(eq. (7)). Further, the recovery factors tebulated in reference 21,
which apply to two-dimensional incompressible flow, were assumed to vary
linearly with the incompressible pressure-gradient parameter . between
the tebulated values for f = O and fi = 1. The empirical equation embody-
ing these assumptions is written:
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Cr = Crmﬂo(l - bﬁ)
where

; (Er(ﬁa)

Cr (5-0)

b=1 (12)

The recovery factors predicted for the hemisphere-cylinder at M, = 1.97
by equation (12) are shown as the solid curve on figure 3(b). A value

of b = 0.023, corresponding to the calculatlions_of Levy and Seban

(ref. 21) was used. The appropriate values of m were obtained from the
local Mach number distribution (fig. 2(b)) and equation (6).

The recovery factors messured at a Mach number of 1.97 lie slightly
sbove the predicted curve in the interval from x/D = 0.525 to x/D = 0.T0.
This local maximum can be traced to a bulge faintly discernible 1n the
corresponding equilibrium-temperature distributions (fig. 3(a)) which
covers the same interval of arc length. -Although the reason for this
bulge .is not known, it was characteristic of all the equilibrium-
temperature data, and, as will be seen later, corresponds to the zone on
the heated hemisphere where the heat-transfer rate is a maximum. It can
be concluded from figure 3(b) that the local recovery factor on the
hemisphere~-cylinder may be predicted within %1 percent by the foregoing
method.

Heat Transfer

The measure of success realized in obtaining an isothermal surface
on the heat-transfer model has already been indicated in figure 3(a).
The maximum variatlion of the measured surface temperatures sbout a mean
line representing & constant temperature is sbout 12.50 F at Mg = 1.97
and Rep = 2.3x10% The maximum gradient of surface temperature, which
extends over sbout one-tenth of the instrumented length is sbout 80° F per
foot. The temperature potential, Tg - Ty, varies continuously on the
hemisphere from a minimum of 35° F at the stagnation point to a maximum
of about T2° F at the shoulder. The heat-transfer data taken under the
conditlions of nonuniform surface temperature, which existed during the
first three attempts to achieve an isothermal surface, yielded heat-
transfer parameters which departed considerebly from those obtained with
the final shell configuration. The reasons for this are two-fold: First,
the nonuniformity of surface temperature was accompanied by heat conduction
within the shell which rendered invalid the assumption that heat gener-
ated locally was transferred into the stream locally (eq. (11)). This
can be consldered to be an experimental error. Second, as has beeu dis~
cussed in reference 6, the heat-transfer parasmeters for nonisothermal
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surfaces are significantly different from those on constant-temperature
surfaces because local conditlions depend upon bhoundery-layer history;
hence, the measurements contaln large contributions due to the temperature
nonuniformities, Although the results of the finel attempt to obtein a
uniform surface temperature are not entirely free from the foregoing
effects, the surface temperature is believed to have heen sufficiently
uniform that valid conclusions can be drawn from the heat-transfer data.

The distribution of the local heat input along the surface of the
shell which wes built into the body is presented in figure 4(a). The
incremental voltage drop across equal intervels of arc (normalized with
respect to the voltage drop at the shoulder) is plotted as a function of
x/D. The points represent the distribution measured in wind tunnel No. 1
at Mg = 1.97 throughout the Reynolds number range; the scabtter is due to
voltage-reading errors. The curve represents the theoretlcal variation
which it was desired that the model should possess. It 1s emphasized
that the experimental heat-input distribution was invariant (i.e., it
could be reproduced under no-wind conditions and could not be altered
during & run) and accurately defined the heat-transfer rate at a given
locetion only when power input and exterior cooling conditions yielded
an isothermal surface.

The mesasured local heat-transfer-parameter distribution, Nu/wfﬁg,
corresponding to the most uniform surface temperature conditions on the
body, is compared in figure 4(b) with the distribution predicted by the
present theory. The data depart from the predicted curve by velues of
118 percent at most. However, due to the approximetions employed in its
dévelopment, the theory is subject to errors of unknown megnitudes. The
experimental results, on the other hand, have a known uncertainty of about
+15 percent. Upon comparison of the theoretical with the experimental
distribution, it appears probable that the theoretical distribution pro-
vides a closer representation of the local isothermal heat-transfer paranm-
eter on the hemlsphere-cylinder than does the experimental distribution
because the data deviate from the predlcted distribution both in magnitude
and sense in a manner which is easlly explalned upon exsminstion of fig-
ures 3(a) and L4(a). The date tend to lie above the predlcted curve in
zones where the built-in heat production was too great (fig. 4(a)) and the
measured temperature potential was too low due to internal conduction
(fig. 3(a)); and they tend to lie below the theoretical curve where the
converse was true. For these reasons, and as a result of careful analysis
of figure 4(b), it is believed that the theoretical curve contains an
uncertainty of not more than +7 percent.

The increasing scatter of the data at values of x/D less than 0.25
is caused by the decrease In local Nusselt number and local Reynolds
number ea the stagnation point is approached, while the absolute error
of measurement remains fixed. Within the accuracy of measurement, however,
the heat-transfer-parameter distribution on the hemisphere-cylinder is
independent of test Reynolds number throughout the range covered.
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Also shown in figure 4(b) are the theoretical isothermal-surface,
local heat-transfer parameters for the stagnation point of a sphere
(ref. 22), a cone-cylinder in supersonic flow (refs. 2 and 6), and a flat
plate (ref. 6). The stagnation-point prediction of reference 22 agrees
well with the data and is in excellent agreement with the forecast obtained
by the present method. The comparison between the cone-cylinder theory
and the hemisphere-cylinder theory illustrates the effect of favorable
pressure gradient upon the local heat-transfer parameter, and Indicates
that the local heat-transfer parameter on the hemisphere decreases from
a value at the stagnation point sbout 27 percent greater than that on
the cone to a value at the shoulder about 20 percent less than on the
cone. The conical tip selected for this comparison has a haif-angle, a,
of 39. 5 s 80 that the shoulders of both bodies occur at x/D = ﬂ/h. The
theoretical heat-transfer parameters on the cylindrical afterbody approach
the flat-plate value asymptotically.

The tendency for the local flow pattern sbout the hemisphere-cylinder
to become statlonary as the free-stream Mach number is increased has
already been noted. ~ On the basis of this observation it was inferred
that the distribution of isothermal local heat-transfer parameter sbout
the hemisphere-cylinder also tends to become stationary as the free-
stream Mach number is increased. The experimental results at a Mach
number of 1.97 are for this reason expected to be representative of all
higher free-stream Mach numbers, provided that temperatures do not exceed
that of dissocilation. Furthermore, because the local Mach numbers are
not arbitrerily large, it appears that any theory capable of predicting
boundary-leyer characteristics for an arbitrary but constant Prandtl
number can be applied with good results to the flow about a bluff body
throughout a wide range of free-stream Mach numbers.

CONCLUSIONS

To determine the effects of strong pressure gradient upon aerodynamic
heating and heat transfer, distributions of static pressure, recovery
temperature, and isothermal-surface heat-transfer rate have been measured
on & hemisphere=-cylinder with laminar bounmdary leyer in supersonic flow.
Analysis of these date and comparison of the results with predictions of
various theories prompt the following conclusions:

l. In accordence with the hypersonic similarity theory of
Oswatitsch, the locel flow pattern gbout the hemisphere tended to become
stationary as the free-stream Mach number was increased to 3.8. Since the
corresponding maximum local Mach number was only about 2.5, it appears
that boundsry-layer characteristices for bluff hodies in hypersonic flow
can be adequately predicted by theories in which the Prandtl number is
an arbitrary constant.
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2. Although the recovery temperature did not exist close to the
stagnation point of the test body, due to longitudinel heat conduction
-within the model shell, the results show that the strong favorable
pressure gradient tends to decrease the laminar recovery factor, based
on local flow conditions Jjust outside the boundary layer, from the
constant-pressure value of 0.840 +0.012 on the afterbody to a value of
about 0.823 #0.012 on the hemisphere. This decrease could be predicted
wlthin 1 percent by an empiricsl expression which combines the constant=-
pressure variable-property calculations of Young and Janssen and of
Klunker and McLean with the constant-property wedge-flow calculations
of Levy and Seban. This result suggests that the usual approximation
of the laminar recovery factor by the square root of the Prandtl number
is conservative in flows having strong pressure gradients.

3. The isothermal heat-transfer parameter, Nu/~f§g, based on local
flow conditions Just outside the laminar boundary layer, was independent
of Reynolds number and agreed within about 18 percent with a method
of approximate prediction developed herein. This method, which requires
foreknowledge only of the pressure distribution ebout a body of revolu-
tion, predicts & distribution of local isothermal heat-transfer paremeter
on the hemisphere-cylinder believed to be in error by not more than
*7 percent. Because of the tendency for the local flow pattern to become
independent of the free-stream Mach number, it 1s believed that these
results are representative of all free-stream Mach numbers greater than
about 2 and at temperatures less than that of dissoclation.

Ames Aeronsutical Laboratory

National Advisory Commlttee for Aeronautics
Moffett Field, Calif., Sept. 1, 195h4
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APPENDIX A
NOTATION
area, sqg ft
speed of sound, ft/sec
constant, £t~
constant
constant
Tp - Tg

recovery factor, , dimensionless

Tg - T
constant-pressure specific heat, ftZ/sec®, °F

constant-volume specific heat, ft2/sec2, °F
diameter, ft

electrical potential, volts A.C. rms
boundary-layer stresm function, dimensionless

constant

acceleration of gravity, ft/sec2

!

heat-transfer coefficient,
Is - Ty

electrical current, amp. A.C. rms

thermal conductivity coefficient (body), ft-lb/sec, ft,

, ft-1b/sec, ft2, OF

Op

thermal conductivity coefficient (air), ft-lb/sec, °F, ft

u . .
Mach number, 2’ dimensionless

du
pressure-gradient parameter, ?E%-éi » dimensionless

Nusselt number,.Ef » dimensionless

1

pressure, 1b/ftZ
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Pr

Re

Rep
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Prandtl number, —— , dimensionless

k .
average heat-transfer rate, fqu, ft-lb/sec

heat-transfer rate per unit area, <;k %2 P ft—Ib/sec, sq ft

Y/ s

Prurx

local Reynolds number, , dimensionless

1
Ot
Heo

test Reynolds number, , dimensionless

gas constant, ftz/seca, O
distance from axis of revolution to body surface, ft

radius, ft

boundary-layer temperature function, -dimensiocnless -

boundary-layer tempersture ratio, g% s dimensionless

absolute temperature, Op ¥
shell thickness, ft

veloelity, ft/sec

velocity in transformed coordinate system, ft/sec

velocity normel to surface, ft/sec
distance from nose along body generator, ft
transformed verlasble normal to. surface, sect/2
space coordinate normal to body surfade, £t

transformed coordinate parellel to surface, ft

cone half-angle, deg

f‘tl -m
sec

constant,

C
specific hest ratio <-(% = l.}+> , dimensionless

indicates finite-difference approximation to differential operator
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Ui boundary-layer coordinate normal to surface, dimensionless
K constant, ft-lb/watt, sec
A exponent in surface-temperature-distance relation, dimensionless
M absolute viscosity, lb-sec/ft2 |
v kinematic viscosityy.%, ftz/sec
p mess density, slugs/ft®
¥ stream function, ft/secl/z
Subscripts
t stagnation condition
0 main-stream condition
o} reference condition
1 local condition Just outside boundary layer
<] local condition on body surface
e equilibrium, surface-temperature conditién
r recovery, surface-temperature condition

Quatities provided with two bars refer to two-dimensional incompres-
sible flow; gquantities provided with one bar refer to two-dimensional
compressible flow; unbarred quantities refer to axisymmetric compressible
flow. -
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APPENDIX B

APPROXIMATE CALCULATION OF LAMINAR HEAT-TRANSFER PARAMETERS

ABOUT BODIES OF REVOLUTION IN SUPERSONIC FLOW

The purpose of this appendix is to describe an approximate means for
calculating the local heat-transfer-parameter distribution about any iso-
thermal body of revolution with laminsr boundary layer. This method was
used to obtain the.theoretical curve given in figure &(b) and to design
the hemisphere-cylinder model employed in the present heat-transfer
experiments. The method. can best be described as a synthesis of existing
lamingar-boundary-layer theories and empiricel observation which leads to
8 rapid estimate of the heat-transfer - parsmeter distribution for any iso-
thermal body of revolution sbout which the local flow pattern is known.

The problem consists of evaluating equation (2) of the text by employ-
ing the transformations of Mangler and Stewartson, so that the heat-
transfer parameter in axisymmetrical compressible flow can be handled in
terms of known incompressible-flow solutlons in plane two-dimensional flow.
Certain inconsistencies arise in the analysis because (a) Stewartson's
transformation between the two-dimensional compressible and the two-
dimensional incompressible flows does not hold exsectly for Prandtl numbers
other than unity and nonzero heat transfer, and (b) the pressure~gradient
parameters of the wedge-flow solutions which are employed to specify the
incompressible heat-transfer parameters become, in general, functions of
the streamwise coordinstes as a result of the transformations. The nature
of the former inconslstency is examined below, and limits are tentatively
proposéd within which Stewartson's transformation may be expected to be
useful. dJustification for ignoring the latter inconsistency can be found
in the fact that the Ilncompressible heat-transfer-parsmeter distribution
on bodles other than wedges can be predicted closely by local applications
of wedge-flow solutions, and there is no a priori reason to expect the
contrary for compressible flows.

The laminar-boundary-layer equations for compressible flow about a
body of revolution alined with the stream are:

continuity:
B (Prou) + — (Drov) =0 (Bla)
momentums
a ) a )
(n o) -2 202 (310)
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energy:
pcp Gl-g—rf{ + v-g—}T) -u —P- ) ) (Ble)
state;
= PRT (B1d)

The equations for two-dimensional compressible flow are equivalent to
equations (Bl) with ry = r = constant; and the equations for two-
dimensional incompressible flow embrace, in addition, the stipulations
that the density, p, viscosity, u, and thermal conductivity, k, are
invariant, and that the temperature is independent of the pressure.

Relation Between Axisymmetric Compressible Flow and
Two-Dimensional Compressible Flow

Mengler (ref. 2) has shown that equations (Bl) can, by means of the
coordinate transformation

X <« f xrf(x) dx (B22)
Xo
T = 7rolx)vy (B2b)

be cast into the equations for two-dimensional compressible flow. By
utilizing equation (1) of the text and appropriate definitions gilven in
Appendix A in conjunction with Mangler's transformation it is not diffi-
cult to discover that

Nu _ Fu- ro » x

e VR [ Profes =3
Xo

Equation (B3) provides a representation of the axisymmetric compressible
heat-transfer parameter in terms of a corresponding plane two-dimensional
compressible parameter which is exact within the scope of boundary-layer
theory. '
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Two limiting cases can be cslculated for any body of revolution having

8 cylindrical afterbody end a bluff forebody such that ro increases
monotonically with x. Sufficlently near the stagnstion point the fore-
body approximates a disc normal to the stream so that rg = Xx. An evalu-~
ation of the radical on the right-hand side of equation (B3) for this
condition gives the result that the heat-transfer psrameter at the stag-
nation point is ~f§ times the heat-transfer paremeter for a certain
corresponding body in a two-dimensional compressible flow. On the cylin-
drical afterbody, ro = r = constant, and equation (B3) yields the result:

x;F(r)

X
— — 2 2
W ke [4  wfax+ Loyt ae
Nu/q/Re rzx - X

One can show by use of the mean velue theorem for integrals that:

1 F(r)
1 2
rz[ rofdx < F(r)

Thus:
G = constant < O

Hence, the heat-transfer parameter on the cylindrical afterbody approaches
the flat~plate (constant-pressure) value asymptotically from sbove. Due
to the presence of the nose, the afterbody is subjected to a “carry-over"
of the heat-transfer paremeter which amounts to a value greater than that
which would have existed had the cylinder, for instance, been hollow (open-
nosed) . =

Relation Between Two-Dimensional Compressible Flow
and Two-Dimensional Incompressible Flow

In reference 25, Stewartson shows that the two-dimensional compres-
sible boundary-layer equations for laminar flow (eqs. (Bl) with ro =r =
constant) can be transformed into the two-dimensionel incompressible
boundary-layer equations provided that (1) the viscosity varies as the
ebsolute temperature, (2) no heat is transferred, and (3) the Prandtl
number 1s unity. In Stewartson'!s transformation the new variables are
defined as follows: '

(a) Independent-varishle transformations

Y o 2 ) © (Bla)




Ay

NACA TN 334k 27

x 87
2 = f (—%}“ ax | (Blib)
X0

(b} Dependent-variable transformations:

¥
pu = Pya/Vg %; (BSa)
pv = -DON/ vo 'g_i (Bsb)
7Y =1 (92 -2
T-T1[1+ 5 _<1a2 >]
S = a1 (350)
i (1 + 2 ; L M02>
Vi =2 =g (B5d)
RoT
b= T (BSe)

:Z"lc dT; = dal____')'-lu duL_-L-l}_dE! B5f
2 Plax | Pt ax 2 T ax 2 b, ax (B5%)

The subscript o refers to a standard state in the isentropic locel free
stream adjacent to the body. For convenience, this reference is later
teken at the point where x = O.

If only the first of Stewartson's three assumptions is retained and
the remaining two are relaxed so that the Prandtl number is arbltrary
but constant and if the body is no longer thermally insulated, the
Stewartson transformations yield the following set of equations:

2

) 2
0¥ IV L WIY __ VadVy (4, g (B6a)

dY® Oy d¥dz dz ay2  dz
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dyds _dwds | 1 _ Pr—l) 7 -1 {82 [&(.3_*.)]}
oY 9z OJz dY Pr o¥2 Pr 2.2~ 2 3Y2 [2 \dY .
' &g + ) Va1
(B6b)

Equations (B6) differ in form from the corresponding set appropriate to
two-dimensional incompressible flow. In contrast to thelr incompressible
counterparts, equations (B6) must be solved, in general, as a simultaneous
system because the momentum equation, equation (B6a), is not free of the
temperature variable, S. However, equation (B6a) may be approximated by
1ts incompressible analogue if the stipulation 1s introduced that the
ebsolute value of the difference between the stagnation temperature and
the surface temperature shall be small when compared to the stagnation
temperasture. Under this restriction the temperature varisble, S, can be
shown to be small when compared to unity throughout the boundasry layer
and the momentum equetion 1s, for practical purposes, independent of the
energy equation, Jjust as in incompressible flow. It is easily seen that
the foregoing assumption leads to the requirement of an isothermal
surface.

A minor difference between the energy equation, equation (B6b), and
the corresponding incompressible form msy be found in the second factor
on the right-hand side of equation (B6b). This difference can be elimi- .
nated by restricting the Prandtl number to a value of umnity, in which case
the right-hand sides of both the compressible and the lncompressible
equation become identlcally zero. The assumption of unity for Prandtl .
number is, however, deemed unnecessary to a solution of the heat-transfer
problem because, as has been discussed in reference 6 with regerd to a
similar form of the energy equation, equation.(B6b) is linear in S, and
1ts complete solution msy be found in such a way that its particular
integral satisfies only the boundary conditions for the insuleated surface
condition. Thus, the nonzero heat-transfer case for arbitrary Prandtl
numbers can be assumed to be gilven by the complementary solution to
equation (B6b), and the necessity for solving the extremely complicated
equations (B6) a8 they stand can be avolded for heat transfer at an iso-
thermal surface.

Since equations (B6) are equivalent to their incompressible counter-
parts when restricted as indicated sbove, the transformation of Stewartson,
equations (BY) and (BS), can be used to evaluate the second factor on the

right-hand side of equation (2) of the text, if nomenclature is changed
as follows:

Jvo Y =7 (BT2) .
z = % . (BTb) ]

V1= (BTc)
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From equation (1) of the text, and definitions given in Appendix A, the
heat-transfer parameter for incompressible, constant-property flow is
found to be: -

JE L S_T)C‘n:> S_Ee)<'ﬁl

And the heat-transfer parameter for two-dimensionasl compressible flow is:

(h-&) Es 2, /2
< TERE T k1 (Ts 'Te) < )

%’I

The ratio between two-dimensional compressible and two-dimensional incom~
pressible heat-transfer parameters becomes:

TN o =
N;/Ur-; 3?,@ Tg - Te (

Nu/,/R—e <3T > %

"But, as a result of equations (B4) and (B5) and the assumed temperature-
viscosity law the following equalities hold:

(z

7 -1

s

o[
1]
il
éaq6a‘
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n_Lh
o -'I-'-ozil
kh T, .
S .HB. 1 29
0F 8o WV, Po OF
S .1 o
oy WV, ot
It follows that
51 1 -63 852 - 1/2
e = - = T \ N ™m =1 — —— = -—
Nu/JRe Bow Vg Po O 4 Ts Ts - Te \[VoT1® T, W X
= = =\s -7 /\gz& = - %
Nu/./Re 3;(%5) T1 \Tg - Te/ \To Vo P BLG X
QVO (] 8o

For the seme temperstures in both flows this expression can be readily
simplified to

Fa/u/Re _ <-51 5 —>/
ﬁﬁ/./ﬁi Do B X ’

And, with further reduction, equation (4) of the text results. Eque-
tion (4) can be evaluated in terms of the streamwise coordinate, x, in the
axisymmetric plane with the aid of Mangler's transformation. However,

due to the complicated expression which may result in the general case,

it has been found convenient to approximate equation.(h) wlth another -
equation which is much more amensble to calculation. The manner in which
this is accomplished will be discussed later.
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Beat=Transfer Parameter 1n Two~Dimensional
Incompressible Flow

For convenience, heat-transfer solutions to the incompressible wedge-
flow problem are selected to provide numerical values for the last factor
on the right-hand side of equation (2) of the text. The differential
equations which give rise to these solutions can be obtained from egua-
tions (B6) restricted to the previously discussed conditions under which
Stewartson's transformation is valid. With the aid of the following
substitutions

Vi = gz (B8a)
v= (2B (380)
n = Y[E-Z—Zmi}l/z (88¢)
S =-8¢8g = sBzA . (B84)

equations (B6) can be manipulated into the following forms:

2m
m+ 1

f + ' = [(f')z - (1 + s)] ' (B9a)

611 4 Prfst - 2PrAfls _ <l - Pr> (v - 1)V, 2 g2 [(fr)2-|
m+ 1 Sg 02, 2 =L  olan?l 2 |
o = V1

(BSb)

where primes denote differentiation with respect to 1. When the tem-
perature variable, S, is assumed small compared to unity throughout the
boundary lsyer, and the surface temperature is accordingly taken to be
uniform (A = 0), and, furthermore, when one seeks only complementary solu-
tions to the energy equation, equations (B9) may be approximated by:
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'Yy’ - mefl [(f'_)2 - 1:[ (B10e)
g'' + Pres' =0 (B1ODb)
The applicable boundary conditions are:
1 = 0: £ =Ff' = 0; s =1 (Blla)
N —> wt ft —> 1; g8 => 0 (B11b)

Equations (B10) and the associated boundary conditions (egqs. (B11))
constitute a formulation of the isothermal, incompressible, wedge-flow
problem. Heat-transfer solutions are known for & range of values of
Praendtl number end pressure-gradient parameter and are tabulated in ref-
erences 10 and 11. The incompressible heat-transfer parameter arising
from these solutions can be written:

(B12)

The synmbol gé is the dimensionless temperature gradient ac¢ross the

surface and is tebulaeted in reference 10 as 9% and in reference 11 as

de/dn|n=o. According to these calculations, the temperature gradient
across the surface, §é , 1s a function of the pressure-gradient parameter,
m, and the Prandtl number, Pr, but for a glven wedge at & glven Prandtl
number the pressure-gradient parameter and the heat-transfer parameter
are constant. Although these solutions are rigorously applicable to
wedges only, it has been shown (ref. 12, for example) that, on two-
dimensional bodies other than wedges, they adequately predict measured
distributions of the heat-transfer parameter which correspond to the
messured distributions of the pressure~gradient parameter. Thus, the
incompressible heat-transfer-parsmeter distribution for any body can be
estimated by means of equation (B12) and the tebles of references 10 and
11 1if the distribution of pressure-gradient parameter is known. To make
use of this in the present case, however, the incompressible pressure-
gradlent parameter m must be related to the axisymmetric compressible
pressure-gradient parsmeter m.
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Relation Between Two-Dimensional Incompressible and Axisymmetric,
Compressible Pressure~Gradient Parameters

The pressure-gradient transformation factors on the right-hand side
of equation (6) of the text are evaluated by using the transformations
of Stewartson and Mangler. In a maunner similar to that already used to
caelculate the heat-transfer transformetion factors, it is readily found
that

— ay-1 |
X S
RCIE
n_ Q 1+ = Bl
i 37-1 ( >, (B132)
-— El r-1
)
X
= J r,2ax
X
X I‘O

It should be noted that these pressure-gradient facbors are functionally
related to the heat-transfer-parameter factors given by equations (3)
and (4) of the text. The factor represented by equation (Bl3b) can be
evalusted for a body of revolution of given shape. The factor represented
by equation (Bl3a) can be found in terms of the given axisymmetric
streamwise coordinate x by virtue of Mangler's transformation, as was
indicated for the case of equation 4. Because this procedure usually
results in an expression of such complexity that numerical methods are
required to effect the integrations, it is convenient to approximate
equations (Bl3a) and (4) by simpler expressions which can be integrated
once and for all.

Approximation of Pressure-Gradient-Parameter and Heat-Transfer-
Parameter Transformation Factors Between Two-Dimensional
Compressible and Incompressible Flows

Because heat-transfer solutions to the incompressible wedge-flow
problem are utilized to provide numerical values for the last factor on
the right-hand side of equation (2) of the text, 1t is consistent to
treat the pressure-gradient parameters m and m as constants during
integration of equations (4) and (Bl3a), even though they are subsequently
allowed to vary.
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Setting 7 equal to 1.4 and using the relations -

1/2 - 7
M2
l+..o_.

G
=

Bl

to evaluate terms in equations (4) and (Bl3a) gives rise to the following _
two integrals: :

TN ) MR
(s} o .

[1 + E—fi%f} * ax (B1kb)

For convenience, the lower limit of these integrals has been set equal _
to zero. After evaluation of the integrals (egs. (Bll)), by assuming .



that the pressure-gradient parameters are not fupctlons of the coordinates, gpproximete values for
the factors on the right-hand sides of equations (Bl3a) and (4) are found.

) ) ) 20D
ﬁﬁ/.,/'ﬁ‘éH °m+ 1L\ 5 l|Lm+1 6m+1 8@ + 1

— = (B158)
5
and
4
Ez(l.FMlE) +1<5+4:L l"'m+l<5+M_;> o+ 1 _5—|-M]_') %+l 5+Ml>
m 5 (
_5+M1>
(B15Db)

provided that m > --l-; m > -

(85}
o+

From equetions (B15) it can be observed that the local heat-trensfer parameter in two-
dimensional compreselble flow with favoreble pressure gradlent (§,m>0) decreases with Mach number
and, except at the forwerd stagnation point, 1s less than the corresponding local heat-transfer
parsmeter in incompressible flow. There is no chenge predicted with Mech number on constant-

pressure surfaces (H,m = O), Conversely, the pressure-gradient parameter m in the two-dimensional

incompressible flow, corresponding to a favoreble pressure-gradlent parameter m in the two-
dimensional compressible flow, increases with Mach number.

HHEE NI VOVN
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It should be noted that equations (Bl5a) end (B1l5b) are equivalent,
and can be related through equations (U4) and (Bl3a) as follows:

2
<} T/ Fe (B16)
ANV

H 8

Application of the Method

In utilizing the foregoing method for calculating any local value
of the laminar heat-transfer parameter on & body of revolution with iso-
thermal surface in & compressible flow, a pirocedure may be followed as
outlined below:

l. For a given point on a body of revolution.ebout which the
local isentroplc flow is known, the pressure-gradient paremeter ?
Re

is computed from equation (7); and the transformation factors ::::7a55
/ Re

and % ‘are computed from eguations (3) and/or (B13b).

2. After evaluating the pressure~gradient parameter W corre-
sponding to the two-dimensional compressible flow by combining equa-~

tions (7) and (B1l3b), the transformation factor cen be calculated

BlEn

for the desired point from equation (Bl5b).

3. A value of the incompressible pressure-gradient parameter m
is obtained by combining equetions (T7), (Bl3b), and (Bl5b) as indicated
in equation (6), after which it is possible to evaluate equation (B12)
for a given Prandtl number with the aid of the tables of references 10
and 11.

4, Using the pressure-gradient perameter m equation (Bl5a) is
evaluated at the desired point for the known Mach number, My. An alter-
nate, and quicker, method is to utilize equation (Bl6) in conjunction
with the results of item (2) above.

5. A combination of the results of items (1), (3), and (k&) above
according to equation (2) yields the desired local value of the axisym-
metric compressible heat-transfer parameter.

Point-by-point repetition of this procedure provides & distribution
of isothermal heat-transfer parameter over the surface of the body of
revolution. Such a distribution is shown in figure L(b) for the case of
a hemlsphere-cylinder at & free~-stream Mach number of 1.97.



NACA TN 334k 37

lo.

11.

'121

REFERENCES

Kaye, Joseph: The Transient Temperature bistribution in a Wing
Flying at Supersonic Speeds. Jour. Aéro. Sci., vol. 17, no. 12,

Dec. 1950’ PP 787-8070

Mangler, W.. Compressible Boundary Layers on Bodies of Revolution.
M.A.P. V3lkenrode Rep. VG 83, No. 47T., Mar. 15, 1946.

.Moore, L. L.: A Solution of the Laminar Boundary-Layer Eqgustions

For' a Compressible Fluid With Variable Properties, Including
Dissociation. Jour. Aero. Sei., vol. 19, no. 8, Aug. 1952,
pp. 505-518.

Young, Georgée B. W., and Janssen, Earl: The Compressible Boundsry
La.yer. JOUI‘. Aero. Sci-, 'V'Ol. 19, no. ll', API‘- 1952, Pp- 229"236-

Kiunker, E. B., and Mclean, F. Edward: Effect of Thermal Properties
. on Laminar-Boundery-Layer Characteristics. NACA TN 2916, 1953.

Chepman, Dean R., and Rubesin, Morris W.: Temperature and Velocity
Profiles in the Compressible Laminar Boundary lLayer With Arbitrary
Distribution of Surface Temperature. Jour. Aero. Sci., vol. 16,

no. 9, Sept. 1949, pp. 547-565.

Ferrari, Carlo: Velocity and Temperature Distribution Through the
Laminar Boundary Layer in Supersonic Flow. Jour. Aero. Sci.,
vol. 19; no. 1, Jan. 1952, pp. 39-47.

Tani, Itiro: Further Studies of the Laminar Boundary Layer in
Compressible. Fluids. Rep. No. 322 (vol. 22, no. 23), Aero. Res.
Inst., Tokyo Imperial Univ., Dec. 19Lk.

Low, George M.: The Compressible Laminer Boundary Layer With Heat
Transfer and Small Pressure Gradient. NACA TN 3028, 1953.

Brown, W. Byron, and Donoughe, Patrick L.: Tables of Exasct Laminar-
Boundary-Layer Solutions When the Wall is Porous and Fluid
Properties Are Variable. NACA TN 2479, 1951.

Levy, Solomon: Heat Transfer to Constant-Property Laminar Boundery-
Layer Flows With Power-Function Free-Stream Velocity and Wall-
Temperature Varistion. Jour. Aero. Sci., vol. 19, no. 5, May 1952,
pp. 341-348. ' ' '

Eckert, E. R. G., and Livingood, John N. B.: Method for Calculation
of Heat Transfer in Laminar Region of Air Flow Around Cylinders of
Arbitrary Cross Section (Including Large Temperature leferences
and Transpiration Cooling). NACA TN 2733, 1952.° '



38

13.
14,
15.
16.

17.

18.

19.

2OI

21.

22.

23.

2k,

NACA TN 334k

Bryson, A. E., and Edwards, R. He.: The Effect of Nonuniform Surface
Temperature on the Transient Aerodynamic Heating of Thin-Skinned
Bodies. Jour. Aero. Sci., vol. 19, mno. 7, July 1952, pp. L71-L475.

Scherrer, Richard, Wimbrow, William R., and Gowen, Forrest E.:
Heat-Transfer and Boundary-layer Transition on a Heated 20° Cone
at a Mach Number of 1.53. NACA RM A8128, 19k9.

Scherrer, Richard, and Gowen, Forrest E.: Comparison of Theoretical
and Experimental Heat Transfer on & Cogled 20° Cone With & Laminar
Boundary Layer at a Mach Number of 2.02. NACA TN 2087, 1950.

Slack, Ellis G.: Experimental Investigetion of Heat Transfer Through
Laminar and Turbulent Boundary Layers on a Cooled Flat Plate at a
Mech Number of 2.4, NACA TN 2686, 1952.

Eber, G. R.: Recent Investigation of Temperature Recovery and Heat
Transmlssion on Cones and Cylinders in Axial Flow in the NOL Aero-~
ballistic Wind Tunnel. Jour. Aero. Sci., vol. 19, no. 1, Jan. 1952,
pp. 1-6, 1k. :

Scherrer, Richard: Comparison of Theoretical and Experimental Heat-
Transfer Characteristics of Bodles of Revolutions at Supersonic
Speeds. NACA Rep. 1955, 1951.

Wimbrow, William R., and Scherrer, Rilchard: Laminasr-Boundary-Lsyer
Heat-Transfer Characteristics of a Body of Revolution with a
Pressure Gradient at Supersonic Speeds. NACA TN 2148, 1950.

Korobkin, TIrving: Local Flow Conditions, Recovery Factors and Heat-
Transfer Coefficients on the Nose of a Hemlsphere-Cylinder at a ~
Mach Number of 2.8. NAVORD Rep. 2865 (Aeroballistics Res. Rep.
175), Whiteoek, Md., May 5, 1953.

Levy, Solomon, and Seban, R. A.: Recovery Factors for the Laminar
"Separation" and Stagnation Flows. dJour. Aero. Sci., vol. 19,

no. 5, May 1952, pp. 55-57.

Sibulkin, Merwin: Heat Transfer Near the Forward Stegnation Point
of a Body of Revolution. Jour. Aero. Sci., vol. 19, no. 8,

Aug. 1922, pp. 570-3T1.

" Morduchow, Morris: On Heat Transfer Over a Sweat-Cooled Surface in

Laminar Compressible Flow With a Pressure Gradient. Jour. Aero.
Seci., vol. 19, no. 10, Oct. 1952, pp. T05~712.

Dreke, Robert M., Jr.: Calculation Method for Three-Dimensional
Rotationally Symmetrical Leminar Boundary Layers With Arbitrary
Free-Stream Veloclty and Arbitrary Wall-Temperature Variation.
Jour. Aero. Sci., vol. 20, no. 5, 1953, pp. 309-316, 330.



NACA TN 334k ' 39

25.

26.

27.

28'

Stewartson, K.: Correlated Incompressible and Compressible Boundary
Layers. Proc. Royal Soc. (of London) Ser. A, v. 200, 1949,
pp. 84-100.

Morey, F. C.: The NBS-NACA Tables of Thermal Properties of Gases,
Tables 2.39, Dry Air Coefficlents of Viscosity; Nuttall, R. L.:
The NBS-NACA Tebles of Thermal Properties of Gases, Tables 2.42,
Dry Air Thermal Conductivity. Nationsl Bureau of Standards, 1950.

Grimminger, G., Williams, E. P., and Young, G. B. We: Lift on
Inclined Bodles of Revolution in Hypersonic Flow. Jour. Aero
Sci., vol. 17, no. 11, Nov. 1950, pp. 675-690.

Oswatitsch, Klaus: Similaerity Laws for Hypersonic Flow. Kungl.
Tekniska Hogskolan, Stockholm. Institutionen fOr Flygteknik
Tech. Note 16, July 19, 1950. See also: Zeitschrift fiir
angewandte Mathematik und Physik, v. 2, 1951, p. 2k9-26k.



NACA TN 334k

40
TABLE I.- TEST CONDITIONS
Wind [|Mech number Reynolg.s nurber Stagnation temperature
Test €p»
tunnel Moo million T (°R)
1 1.97 0.58 to 2.23 shk-572
Pressure 2. 1.97 2.91 to 6.61 variable
distribution 3.0k 2.79 to 4.05 variable
3.80 2.8k variable
1 1.97 0.58 to 2.3 527-571
Temperature 2 1.97 3.12 to k.16 variable
distribution 3.0k 2.85 to 3.31 varisble
1 1.97 0.60 530
Heat-transfer 1.19 .. 544
distribution 1.73 537
2.28 570
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Figure l.- Hemisphere-cylinder.



T NACA TN 33kk

l”

#
£¥~—
/)\Z‘Y\\ e f
i\‘ ; |

Vollage taps &
thermocouples * >

O
ﬂﬁ«-
b\

-~

A-18536

‘!ﬂﬂ;"’

(d) Photogreph of heat-transfer-model installation in the Ames
1- by 3-foot supersonic wind tunnel No. 1. '

Figure l.- Concluded.



24
bol
._'S?_.m_f_ ﬁ; : Rep Newionian theory, ref 27
B 380 284xi0°
20 A 304 279-405x10 }Wind tunnel No. 2
'~ 2x o 1.97 297-6.6/x/0°
RN 25052(—9'“/ e O Inviscid, incomprassible
¥ /6% p/\_ theory
I @ : ‘\
S N
-~ E \
.§ ,-2 = ‘\
S \
-l
Y o N
g L\ .\\;
v 8 ~— .
S ™ N
; AN N
3’; 4 ~
% -~
/- fsin%%’ﬁ\\ e
0 i e ol
\\ T : e T 3
N Should
(/) / 2 3 4 ) 6 7 £ 9 0 ’ 12 3 /4
Ancﬂwwmﬂ;i}

(a) Veriation of pressure coefficient along surface.

Figure 2.- Results of pressure measurements on hemisphere~cylinder.
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Figure 3.- Results of temperature measurements on hemisphere-~cylinder.
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